Plasma kallikrein is a serine protease that has many important functions including modulation of blood pressure, complement activation, and mediation and maintenance of inflammatory responses. Although plasma kallikrein has been purified for 40 years, its structure has not been elucidated. In this report, we describe two systems (Pichia pastoris and baculovirus/Sf9 cells) for expression of the protease domain of plasma kallikrein, along with the purification and high-resolution crystal structures of the two recombinant forms. In the Pichia pastoris system, the protease domain was expressed as a heterogeneously glycosylated zymogen that was activated by limited trypsin digestion and treated with Endo H deglycosidase to reduce heterogeneity from the glycosylation. The resulting protein was chromatographically resolved into four components, one of which was crystallized.
Plasma kallikrein is a serine protease that has many important functions including modulation of blood pressure, complement activation, and mediation and maintenance of inflammatory responses. Although plasma kallikrein has been purified for 40 years, its structure has not been elucidated. In this report, we describe two systems (Pichia pastoris and baculovirus/Sf9 cells) for expression of the protease domain of plasma kallikrein, along with the purification and high-resolution crystal structures of the two recombinant forms. In the Pichia pastoris system, the protease domain was expressed as a heterogeneously glycosylated zymogen that was activated by limited trypsin digestion and treated with Endo H deglycosidase to reduce heterogeneity from the glycosylation. The resulting protein was chromatographically resolved into four components, one of which was crystallized.
In the baculovirus/Sf9 system, homogeneous, crystallizable, nonglycosylated protein was expressed after mutagenizing three asparagines (the glycosylation sites) to glutamates. When assayed against the peptide substrates, Pefachrome PK and oxidized insulin B chain, both forms of the protease domain were found to have catalytic activity similar to that of the full-length protein. Crystallization and x-ray crystal structure determination of both forms have yielded the first threedimensional views of the catalytic domain of plasma kallikrein.
The structures, determined at 1.85 Å for the Endo Hdeglycosylated protease domain produced from P. pastoris, and at 1.40 Å for the mutagenically deglycosylated form produced from Sf9 cells, show that the protease domain adopts a typical chymotrypsin-like serine protease conformation.
The structural information provides insights into the biochemical and enzymatic properties of plasma kallikrein and paves the way for structure-based design of protease inhibitors that are selective either for or against plasma kallikrein.
The name "kallikrein" was originally introduced in the 1930's to describe the proteolytic activity from the pancreas responsible for cleavage of kininogen (1, 2) . The kallikreins are now divided into two major categories: plasma kallikrein (EC 3.4.21.34) and tissue kallikreins (3, 4) . Tissue kallikreins were initially discovered as an activity from pancreatic or renal tissues effecting the release of kinin from kininogens. Plasma kallikrein was discovered from a hereditary abnormality termed Fletcher trait, characterized by a prolonged partial thromboplastin time that becomes normal if the plasma is exposed to a clot-promoting surface (5) . Prekallikrein (PK) was identified as the protein whose absence is responsible for Fletcher trait (6) .
Since its discovery in 1965, plasma kallikrein has been biochemically characterized in great detail. The human cDNA of PK encodes a signal peptide of 19 amino acids and a mature prekallikrein of 619 amino acids (7) . Activation of PK to kallikrein occurs through a cleavage at the Arg371-Ile372 bond (based on the numbering of the mature protein), producing a two-subunit protein involving a heavy chain and a light chain (6) , linked through a disulfide bond between Cys364 and Cys484 (8) . The NH 2 -terminal heavy chain of 371 amino acids contains four Apple domains whose homologues are also found in factor XI (fXI) (9) , while the COOH-terminal light chain forms the protease domain. The two chains have been isolated through reduction and alkylation of the purified enzyme and through affinity capture of the heavy chain on immobilized high molecular weight kinin-Sepharose (10) . The purified light chain has amidolytic activity similar to that of the native enzyme, but is less active in kaolindependent coagulation assays. Both the light and heavy chains are glycosylated; PK from human blood contains 15% carbohydrate and has five potential sites for N-glycosylation. Due to heterogeneity in the carbohydrate moiety, the light chain can exist as 36 kDa and 33 kDa isoforms.
Although plasma and tissue kallikreins are related, and share the historical name, "kallikrein", for kininogen degrading activity, plasma kallikrein differs from tissue kallikrein members in gene structure, amino acid sequence, protein subunit structure, substrate specificity, and physiological functions (3, 4, 8, 11) . Tissue kallikreins currently comprising 15 identified members (hK1 through hK15), are encoded by genes clustered at 19q13. 3-19q13 . 4 of the human genome, while plasma kallikrein is encoded by a single gene on human chromosome 4q35. In contrast to the multidomain structure of plasma kallikrein (homologous to that of fXI), each tissue kallikrein is comprised of a protease domain alone. The degree of sequence identity between the protease domain of plasma kallikrein and individual members of the tissue kallikrein family ranges from 30% to 36%, whereas it is much higher between the protease domains of plasma kallikrein and fXI (66 %). Thus, plasma kallikrein bears more resemblance to the coagulation factor, fXI, than to members of the tissue kallikrein family.
Plasma kallikrein plays a central role in the kinin generating pathways (PK system) and in the surface-mediated "contact system" (8, 12) . It is synthesized predominantly in the liver as a proenzyme, prekallikrein, also known as prokallikrein (13) . In plasma, approximately 90% of the circulating PK is complexed with high-molecular-weight kininogen (HK) (14) . On endothelial cells, the PK-HK complex binds to a multi-protein complex that consists of cytokeratin 1 (CK1), urokinase plasminogen activator receptor (uPAR) and gC1qR, a ubiquitously expressed, multicompartmental cellular protein involved in modulating complement, coagulation, and kinin cascades (15) (16) (17) (18) (19) (20) (21) . The binding of PK-HK to the multiprotein complex results in the activation of PK by prolylcarboxypeptidase (PRCP), a constitutively active serine protease located on endothelial membranes (22) (23) . The activated plasma kallikrein in turn cleaves HK to liberate bradykinin, activates factor XII (fXII) to factor XIIa (fXIIa) and converts prorenin to renin, the central component in the renin-angiotensin system (RAS) (8, 23) .
By controlling the release of bradykinin (a potent vasodialator) and the activation of renin (the protease converting angiotensinogen to angiotensin I), plasma kallikrein is deeply involved in blood pressure regulation. Plasma kallikrein also participates in fibrinolysis by activating prourokinase and plasminogen to urokinase and plasmin, respectively (24) (25) (26) (27) . Finally, plasma kallikrein stimulates neutrophils to aggregate and release their lysosomal contents such as elastase (28, 29) . Thus, plasma kallikrein has many important physiological functions including modulation of blood pressure, complement activation, mediation of inflammatory responses, and maintenance of the balance between fibrin deposition and fibrinolysis (8) .
In recent years, tremendous efforts to design specific protease inhibitors for treating diseases have yielded many life-saving drugs (30) (31) (32) (33) . One such field receiving considerable attention involves the blood coagulation pathways (34) . Anticoagulant therapies are in great demand to block undesired thrombosis of surgery patients and to treat many lifethreatening diseases such as stroke, acute coronary syndrome, and deep vein/pulmonary embolism (35) . Current therapies with heparin or coumarins have limited efficacy and safety records (36, 37) , prompting synthesis of many small molecules intended to inhibit specific target proteases, such as thrombin, factor VIIa (fVIIa), factor IXa (fIXa), and factor Xa (fXa), within the coagulation pathways (34) . However, because of the similarity among plasma kallikrein and the coagulation factors, including a preference for arginine at the S1 substrate-binding site, many inhibitors designed for other coagulation factors also inhibit plasma kallikrein.
The therapeutic efficacy of a protease inhibitor relies not only on high affinity for the disease target, but also on attenuated affinity for anti-targets, whose vital functions need to be maintained. Thus, structural information both for the protease target and for related anti-targets often provide the key for designing potent, selective, safe inhibitors.
High-resolution structures can be used to enhance inhibitor selectivity by identifying major structural differences among protease homologues at distal binding sites, such as S4, S3, S2, S1', S2', S3' or S4' (38) , or by harnessing more subtle differences at the S1 site. Thus, the determined crystal structures of proteases such as thrombin, fVIIa and fXa have provided a wealth of information for increasing inhibitor potency and selectivity toward the particular protease target (33, (39) (40) (41) (42) (43) . However, one important anti-target for these and other serine protease targets is plasma kallikrein, whose structure has been unavailable. As a step toward the design of inhibitors with enhanced selectivity for a target protease like fVIIa and against other anti-targets, including plasma kallikrein, we initiated efforts to establish high-level expression systems for plasma kallikrein, to purify and to crystallize the protein, and to determine its structure.
Plasma kallikrein is not only an important anti-target for therapeutic inhibitors designed toward other serine proteases, it is also emerging as an important target itself for some disease states (8, 22, 44, 45) .
For example, abnormal plasma kallikrein activity is implicated in the symptoms of hereditary angioedema (44, 45) , a disease caused by decreased functional levels of the major physiological inhibitor of kallikrein, C1 Inhibitor. During acute attacks of this disease, increased levels of bradykinin cause an increase in vascular permeability.
Plasma kallikrein inhibitors suppress the defect in vascular permeability in C1 inhibitor-knockout mice (46) , and thus may constitute treatment for hereditary angioedema. Other disorders involving plasma kallikrein are septicemia and septic shock (23, 47) . The overproduction of bradykinin is implicated in the pathogenesis of septic shock through its ability to lower blood pressure in both humans and animals. Because of the important role of plasma kallikrein in these disease states, a structure of this enzyme would be a critical asset for structure-based design of a potent, selective, small molecule therapeutic.
High-resolution structures of human tissue kallikreins, hK1 (48, 49) , hK6 (50) , and pro-hK6 (51) have been determined. However, the degree of sequence identity of these tissue kallikrein structures to that of plasma kallikrein is at best 34 % (for hK6). More importantly, the loop sequences that form distal binding sites (such as S1') deemed important for inhibitor design differ significantly between tissue and plasma kallikrein. Thus the available structures of tissue kallikrein (or of other proteases) can provide only rough guidance in the design of potent, selective inhibitors of plasma kallikrein.
In this report, we describe the expression of the protease domain of plasma kallikrein in the methylotrophic yeast Pichia pastoris, and the production of crystallizable protein by removal of Endo H-sensitive glycosylation. We also describe the expression of the protease domain in the baculovirus system as a non-glycosylated form with all three Nlinked glycosylation sites removed through sitedirected mutagenesis.
Both forms were purified and crystallized to yield the first reported crystal structures of the protease domain of human plasma kallikrein (at 1.85 Å for the enzymatically deglycosylated form, and at 1.40 Å for the mutagenically deglycosylated form) The structures show that the protease domain of plasma kallikrein adopts a typical chymotrypsin-like serine protease fold, and provide insight into substrate selectivity related to the function of this important protease. In addition, well-defined structural features including the unique S1' site pave the way for structure-based design of protease inhibitors that are selective either for or against plasma kallikrein.
MATERIALS AND METHODS
Expression of plasma kallikrein protease domain in Pichia pastoris -A cDNA sequence encoding the plasma kallikrein protease domain, from Asn357 to Ala619 (based on the numbering system of mature prekallikrein, signal sequence not included), in which Cys364 and Cys484 were mutagenized to serines, was inserted into pPIC9.
The pPIC9 plasmid containing the insert was linearized with SalI and electroporated into Pichia pastoris strain KM71. Pichia pastoris clones were analyzed for expression of the plasma kallikrein protease domain, and an expression clone was inoculated into the complex media BMMY.
After overnight incubation at 30°C with shaking, the cells were then used to inoculate a 15 liter bioreactor containing ~8 liters of BMMY media. Fermentation with glycerol feed continued for 24 hours to a cell density whose absorbance was 500 at 600 nm. The expression of recombinant plasma kallikrein protease domain was induced by switching the carbon source to methanol for 48-60 hours. The fermentation was harvested by centrifuging the culture in a Sorvall RC3B at 5000 rpm for 30 min. The supernatant was recovered and filtered through a 0.22 um filter to remove particles.
Expression of mutagenically deglycosylated plasma kallikrein in Sf9 cellsThe non-glycosylated plasma kallikrein protease domain was expressed in the baculovirus system. The gp67 signal peptide sequence (MLLVNDSHQGFNKEHTSKMVSAIVLYVL LAAAAHSAFA) was synthesized from overlapping oligonucleotides and cloned into pVC19.
The cDNA fragment encoding Asn357-Ala619 of plasma kallikrein (numbering system based on the mature protein sequence of prekallikrein) was fused to the gp67 signal peptide sequence by standard techniques. Sequences encoding the glycosylation asparagines, Asn377, Asn434 and Asn475, and the cysteines, Cys364 and Cys484, were mutated to encode Glu377, Glu434, Glu475, Ser364 and Ser484, respectively through site-directed mutagenesis using a Stratagene Quikchange Multi Site-directed Mutagenesis kit.
The mutant cDNA was subcloned into pFastBac1 (Invitrogen). The expression baculovirus stock was obtained by transposition in E.coli strain DH10Bac and by transfection of Sf9 cells with the recovered bacmid.
To express mutagenically deglycosylated plasma kallikrein protease domain, Sf9 cells were infected with the recombinant baculovirus at a MOI of 5. After infection for 65-72 hours, the culture was harvested by centrifugation in a Sorvall RC3B at 5000 rpm for 30 min. The supernatant was recovered and filtered through a 0.22 um filter.
Purification and characterization of recombinant Endo H-deglycosylated plasma kallikrein protease domain -
The recombinant plasma kallikrein protease domain expressed in P. pastoris was secreted into the culture media as a heterogeneously glycosylated zymogen which could be activated through limited trypsin digestion. A typical purification process is summarized in Table 1 . The P. pastoris media (6 liters) was concentrated and buffer exchanged against 50 mM Na 3 PO 4 , pH 6.5 with a 10 K cutoff ultrafiltration system (Millipore). To remove contaminating proteins, the processed Pichia media (600 ml) was applied twice to a 300 ml Q-Sepharose Fast Flow (GE Healthcare) column that had been equilibrated with 50 mM Na 3 PO 4 , pH 6.5. Flow-through fractions from the Q-Sepharose column were combined and diluted with two volumes of 5 mM 2-morpholinoethanesulfonic acid (MES), pH 5.5, and the pH adjusted to 5.5. This solution was then applied to a Source 15S (15 μm resin) column (1.6 cm x 10 cm, GE Healthcare) that had been equilibrated with 30 mM MES, pH 5.5. After washing with 10 column volumes of 30 mM MES, pH 5.5, the protein was eluted from the Source S column with 30 mM MES, 350 mM NaCl, pH 5.5. To remove the Endo-Hsensitive glycosylation from the recombinant plasma kallikrein, Endo H (Roche) was added to the Source S pool at a ratio of 30 mU per mg of total protein, and the reaction mixture incubated at 37 ºC for 100 minutes. The reaction mixture was then diluted with an equal volume of 100 mM Tris-HCl, 300 mM NaCl, pH 7.6, and the final pH adjusted to 7.6. The recombinant plasma kallikrein in the diluted Endo H reaction mixture was activated by adding freshly dissolved sequencing grade trypsin (Roche) at a ratio of 2 ug trypsin per mg of total protein and by incubating at 37 ºC for 60 minutes. The activated, deglycosylated plasma kallikrein protease domain was then loaded onto a 16 ml benzamidine-Sepharose column (high substitute, GE Healthcare) that had been equilibrated with 50 mM Na 3 PO 4 , pH 7.0. After washing the column with 5 volumes of 50 mM Na 3 PO 4 , 200 mM NaCl, pH 7.0, and then with 3 volumes of 50 mM Na 3 PO 4 , pH 7.0, the kallikrein was eluted with 50 mM Na 3 PO 4 , 50 mM benzamidine, pH 7.0. Fractions containing protein were pooled and dialyzed against 30 mM MES, pH 5.5. The dialyzed protein solution was further fractionated with a Source 15S column (1 cm x 10 cm), and eluted with 30 column volumes of 30 mM MES, pH 5.5, containing a linear NaCl gradient from 0 to 400 mM. This Endo H-treated plasma kallikrein protease domain was resolved into four peaks (presumably due to differential, residual Endo H-resistant glycosylation), the first of which eluted at a conductivity of ~ 8 ms/cm. Dynamic light scattering (DLS) experiments indicated that the protein of each peak was monodisperse. The protein from peak 1 (hereafter referred to as Endo H-deglycosylated plasma kallikrein) was used for structural studies.
Purification and characterization of recombinant mutagenically deglycosylated plasma kallikrein protease domain -Mutagenically deglycosylated plasma kallikrein protease domain was purified from 3.0 liters of conditioned media of infected Sf9 cells (Table 2) . After slow addition of (NH 4 ) 2 SO 4 to the media (with stirring) to bring the final concentration to 1.8 M, the media was loaded onto a PhenylSepharose High Performance column (GE Healthcare, 2.6 cm x 15 cm) that had been equilibrated with 30 mM Na 3 PO 4 , pH 7.0 containing 2 M (NH 4 ) 2 SO 4 .
The PhenylSepharose column was then washed with the equilibration buffer until a baseline absorbance was achieved. Plasma kallikrein protease domain was eluted with 30 mM Na 3 PO 4 , pH 7.0 and then dialyzed overnight against 50 mM Na 3 PO 4 , pH 6.5. The dialyzed protein was applied to a 150 ml Q-Sepharose Fast Flow column that had been equilibrated with 50 mM Na 3 PO 4 , pH 6.5. Flow-through fractions from the Q-Sepharose column (containing the plasma kallikrein) were recovered and diluted with an equal volume of 50 mM Na 3 PO 4 , pH 7.6, 300 mM NaCl, and the pH adjusted to 7.6. Activation of the plasma kallikrein protease domain was achieved by adding sequencing grade trypsin at the ratio of 2 ug trypsin per mg of total protein and by incubating the reaction mixture at 37 ˚C for 60 minutes. The activated protein was further purified with a benzamidineSepharose column using conditions similar to those described for purification of Endo-H deglycosylated plasma kallikrein. After concentration by ultrafiltration with a 10 K membrane (Millipore), the protein was further purified with a high-load Superdex 200 column (1.6 cm x 60 cm, GE Healthcare) using 30 mM Na 3 PO 4 , 140 mM NaCl, pH 7.4 as the eluent. The fractions containing plasma kallikrein were combined and dialyzed against 30 mM MES, pH 5.5. The dialyzed sample was finally purified on a Source 15S column using conditions similar to those described for purification of Endo-H deglycosylated plasma kallikrein. From 3 liters of conditioned media, 0.7 mg of purified plasma kallikrein protease domain was recovered.
Enzymatic activity of full-length plasma kallikrein and of the recombinant forms of the protease domain -Amidolytic activities of fulllength plasma kallikrein and of the recombinant forms of the protease domain were assayed at room temperature in 100 ul reaction mixtures containing 50 mM Tris-Hcl, 150 mM NaCl, 2.5% DMSO, pH 7.6 and 250 uM Pefachrome-PK (2AcOH-H-D-But-CHA-Arg-pNA, Centerchem, Inc) in 96 well microtiter plates. The release of p-nitroaniline was monitored at 405 nm with a SpectraMax plate reader controlled by SoftMax Pro software. Enzyme concentration was determined by bicinchoninic acid assays (Pierce-Endogen). Kinetic parameters were determined by non-linear least squares regression analysis of the absorbance versus time data for a series of assays involving substrate concentrations ranging from 2 uM to 500 uM. The values were calculated by fitting the data-points to the Michaelis-Menten equation using Kaleidagraph (Synergy Software).
The peptidase specificities of full-length plasma kallikrein and of the recombinant forms of the protease domain were compared with one another by assaying the rate of cleavage of oxidized insulin B chain and the nature of the cleavage products. In each reaction, 75 ug of oxidized insulin B chain (Sigma) in 50 mM TrisHCl, 150 mM NaCl, pH 7.6 was incubated with 7.5 ug full length plasma kallikrein or with 1.5 ug recombinant protease domain in a 75 ul reaction. In control reactions, no protease was included. After incubation for 1 hr or for 24 hr, 25 ul of the reaction mixture was removed and the reaction stopped by adding 25 ul 8 M guanidine HCl, pH 3.0. The digestion mixture was loaded onto a Zobax C18 column (4.6 mm x 15 cm, Agilent Technologies) with a HP1090 HPLC system, and the column then washed with 95 % mobile phase A (H 2 O, 0.1% TFA), 5% mobile phase B (ACN, 0.08% TFA) for 5 min at a flow rate of 1.0 ml/min. The peptides were eluted from the column with a linear gradient from 5% to 95 % mobile phase B over a 45 min time period. Peptides in the chromatogram were monitored at 220 nm and their identities established by collision-induced dissociation followed by peptide sequencing using a Q-Star mass spectrometer from Applied Biosystems. The oxidized insulin B chain (Peak IV) eluted at 22.68 min, the Phe1-Arg22 fragment (Peak III) at 20.56 min, Gly23-Ala30 (Peak II) at 17.65 min, and Gly23-Lys29 (Peak 1) at 17.26 min. The areas of these peaks were integrated to yield the relative amounts after 1 hr incubation (Table  3a) , and after 24 hr incubation (Table 3b) .
Determination of inhibition constants for full-length plasma kallikrein and for other serine proteases -
The K i values involving small molecule inhibitors toward a panel of serine proteases including plasma kallikrein, were determined at pH 7.4 as described (52) . Apparent inhibition constants, K i´ values, were calculated from the enzyme hydrolysis rate data collected at various inhibitor concentrations with BatchKi (developed and provided by Dr. Petr Kuzmic, Biokin Ltd., Pullman, MA) using methodology similar to that described for tightbinding inhibitors (53) .
K i ' values were converted to K i values by the formula,
Crystallization and x-ray diffraction data collection of recombinant plasma kallikrein -Human plasma kallikrein (either Endo H-or mutagenically deglycosylated), in 30 mM MES, 75 mM NaCl, pH 5.5, was concentrated to 12-18 mg/ml in the presence of 20 mM benzamidine (Sigma) using the Amicon Centricon-10 system (Millipore). The benzamidine complex of the enzymatically deglycosylated form was crystallized from sitting drops, composed of 0. A Blast search of the RCSB for the structure most homologous to plasma kallikrein identified the extra-cellular region of hepsin (39 % sequence identity), as an appropriate probe for molecular replacement.
(Recently the structure of a much more homologous protease, fXIa (identity = 66 %) has been deposited, entry code 1XX9, reference 55). The molecular replacement program written by Liang Tong as implemented in the X-sight subroutine licensed from Accelrys was used to solve the structure of enzymatically deglycosylated plasma kallikrein, using the hepsin probe structure (entry code 1P57 (56) obtained from the RCSB (57). The refined structure of enzymatically deglycosylated plasma kallikrein was then used to solve the structure of the mutagenically deglycosylated plasma kallikrein by molecular replacement.
To help determine the structures of some of the loops, automated fitting was carried out with the ARP/wARP package (warpNtrace mode) (58) . Structures were refined manually by analysis of (|F o |-|F c |), α c and of (2|F o |-|F c |), α c maps, followed by refinement with X-PLOR (59, 60) . Map analysis and X-PLOR refinement were iterated until no further improvement in R cryst or in the models could be achieved. Xray diffraction and refinement statistics and RCSB PDB accession codes are provided in Table 4 . Synthesis of inhibitors-Synthesis of inhibitors is described in detail elsewhere (61) (62) (63) .
RESULTS

Purification and characterization of the Endo H-and mutagenically deglycosylated
plasma kallikrein protease domain -The protease domain of plasma kallikrein (Asn357-Ala619) expressed in P. pastoris was heterogeneously glycosylated and secreted as a zymogen. The zymogen was activated by trypsin treatment, which removes the N-terminal peptide.
Heterogeneity in the recombinant protease domain results from incomplete carbohydrate processing during biosynthesis.
Endoglycosidase H (EndoH) was used to remove most of the carbohydrate and to convert the protease domain to a single band on SDS-PAGE. This Endo H-deglycosylated protein could be further fractionated into three to four species with cation-exchange chromatography using Mono S or Source S columns (data not shown). These species differed in molecular weight by 1000-2000 Da, most likely due to differential glycosylation. Each was monodisperse as analyzed by dynamic light scattering (DLS). The K m values of the various species were similar to one another, as were the K cat /K m values, using Pefachrome-PK as the substrate (data not shown). We used the first Source S peak for crystallization experiments because the extent of post-translational modification was the least and the purification yield was the highest.
To obtain a nonglycosylated plasma kallikrein protease domain and to confirm that the differences in molecular weight among Source S peaks were from N-glycosylation, we mutagenized all three N-glycosylation sites (Asn377, Asn434 and Asn475) to glutamates and expressed the mutant in a baculovirus system. The mutant kallikrein protease domain was secreted into culture media as a zymogen and could be activated by trypsin digestion. The purified mutant protease was homogenous on cation exchange chromatography and was resolved as a single peak on Mono S (data not shown).
LC-MS analysis of the purified nonglycosylated mutant plasma kallikrein protease domain indicated that it included residues from Ile372 to Lys612 (Ile16 to Lys248 basing on chymotrypsin numbering scheme) without any posttranslational modification (Fig.  1) .
This protein, hereafter referred to as mutagenically deglycosylated plasma kallikrein, was found to be monodisperse by DLS analysis, and was used for crystallization and for structural studies.
Comparison of activity of recombinant forms of plasma kallikrein protease domain and of the full-length protein from blood -The activities of purified full-length plasma kallikrein and of the two recombinant deglycosylated protease domains were compared in substrate specificity analysis using oxidized insulin B chain and in kinetic analysis using Pefachrome-PK.
In the insulin B chain cleavage experiment (Table 3) , the native fulllength plasma kallikrein from blood and the two recombinant forms of the protease domain each cleaved peptide bonds with arginine or lysine at the S1 site.
Each of the three purified kallikreins first cleaved the oxidized insulin B chain between Arg22-Gly23, thus converting the 30-residue insulin B chain into two fragments, an N-terminal 22-mer and a C-terminal 8-mer. In longer digestions, each protease then removed the last alanine residue from the insulin B chain C-terminal 8 residue peptide by cleaving the Lys29-Ala30 peptide bond (Table 3) .
To compare the substrate affinity and enzymatic activity of the purified full-length protein and of the recombinant forms of the protease domain, Pefachrome-PK was used to measure K m and K cat /K m ( Table 5 ). All three purified proteases had a similar K m towards Pefachrome PK (~ 100 uM); the K cat /K m values were also similar to one another (~ 1 x 10 6 ). Thus the recombinant forms of the plasma kallikrein protease domain from P. pastoris or from Sf9 cells have catalytic activities similar to that of the full-length native plasma kallikrein.
Crystal Structures of Endo H-and mutagenically deglycosylated human plasma kallikrein protease domain -There is extensive sequence conservation between the protease domain of plasma kallikrein and of other trypsin-like serine proteases. The sequence encoding the protease domain of plasma kallikrein is 39 % identical with that of the protease domain of hepsin, and 38 % with that of bovine trypsin. Thus it is not surprising that the structures of both mutagenically-and Endo H-deglycosylated plasma kallikrein (Fig. 2) are typical of the chymotrypsin serine protease family.
Core main residues of plasma kallikrein superimpose well on the corresponding residues in bovine trypsinbenzamidine (PDB Entry code 1C5P), while major differences in main chain occur in loop regions (Fig. 3a,b) .
The plasma kallikrein protease shares lower sequence identity with the tissue kallikreins (33 % on average) than it does with trypsin (38 %) or hepsin (39%), but all of these proteases adopt similar three-dimensional structures. The superposition of the main-chain of plasma kallikrein protease onto that of the tissue kallikrein, hK6 (PDB Entry Code 1LO6) (50) is shown in Fig 3c) . Of the available crystal structures of tissue kallikrein (hK1, Entry Code 1SPJ (48), hK6, Entry Code 1LO6 (50), and prohk6, Entry Code 1GVL (51)), hK6 exhibits an S1 site that is more similar to that of plasma kallikrein than does hK1. The S1 site of hK1 contains a serine at position 226 whose side chain is hydrogen-bonded to one of the carboxylate oxygens of Asp189. The presence of serine at 226 enlarges the S1 site of hK1 compared to that of plasma kallikrein, as the latter has a glycine at this position.
The structures of the Endo H-and mutagenically-deglycosylated forms of the protease domain of human plasma kallikrein are very similar to one another (Fig. 4a) . The protease domain has two six-stranded β barrels forming the substrate binding sites and the catalytic triad (His57, Asp102, and Ser195) is in a typical arrangement (Fig. 2) . Benzamidine is bound at the S1 site, making hydrogen-bonded salt bridges with Asp189 (Fig. 5) , as in other trypsin-like serine proteases (52) .
The three N-linked glycosylation sites, Asn21, Asn72, and Asn113 occur within loops on the surface of the molecule. In agreement with the observation that the Endo-H-and mutagenically deglycosylated forms of the plasma kallikrein protease domain have similar proteolytic activities (Table 5) , their core structures superimpose well on one another, with an rms deviation of 0.17 Å for the 61 Cα atoms used for superposition (Fig. 4a) . However there are seven loops whose structures differ significantly between Endo-Hand mutagenically deglycosylated kallikrein (Fig.  4a,b ). These differences occur in regions of crystal packing constraints. Despite the looser packing of mutagenically deglycosylated kallikrein (42 % solvent) compared with that of the EndoH-deglycosylated counterpart (28 % solvent), there are nevertheless about as many regions (six) influenced by packing in the latter as in the former (five) (Fig. 4b) . None of the major differences between the structures of Endo H-and mutagenically deglycosylated plasma kallikrein occur at the glycosylation sites (Fig 4a,b) , suggesting that these replacements cause minor structural changes.
Inhibition of plasma kallikrein by short hydrogen bond-mediated serine protease inhibitors -Previously, we developed a large suite of small molecule inhibitors (2-(2-phenol)-benzimidazoles and 2-(2-phenol)-indoles) as serine protease inhibitors (61) (62) (63) (64) (65) (66) (67) . Inhibition by such scaffolds is typically mediated by short hydrogen bonds at the active site, often via a multi-centered short hydrogen bond array involving the active site Ser195, a water in the oxyanion hole, the phenolate of the inhibitor and the benzimidazole (or indole) nitrogen of the inhibitor (see diagram in Table 6 ). The K i values for a set of such inhibitors towards plasma kallikrein and other proteases are provided in Table 6a .
Plasma kallikrein stands out from the other trypsin-like serine proteases in the degree of inhibition by these simple short hydrogen bond-mediated inhibitors; the inhibitors on average are more potent for plasma kallikrein than for the other proteases. For example, the simplest scaffold, CG-02, is more potent for plasma kallikrein (K i = 0.020 μM) than for any of the remaining proteases (K i = 0.041 μM to 1.7 μM). Similarly, the benzimidazole isostere, CG-01, is more potent for plasma kallikrein (K i = 0.22 μM) than for the other proteases (K i = 0.55 μM to 24 μM). The average increase in potency toward plasma kallikrein over the other proteases is significant for both CG-01 (29-fold) and CG-02 (24-fold).
Although these inhibitors were synthesized in previous programs without the help of the plasma kallikrein structure, the newly solved crystal structures presented here indicate many of the structural features in the substrate binding sites that are potentially useful in further improving this class of inhibitors, or in the design of inhibitors with different scaffolds.
DISCUSSION
Expression, purification and activity of recombinant forms of plasma kallikrein protease domain -The first step in determining the structure of plasma kallikrein was to establish an abundant source of crystallizable protein. The catalytic subunit of plasma kallikrein (the light chain), isolated through reduction and alkylation of the inter-chain disulfide bond, retains full enzymatic activity (10) . However, because of the reduction and alkylation of disulfides and because of heterogeneity in glycosylation (involving 33 kDa and 36 kDa forms), the purified light chain is not an ideal source for crystallization studies. Thus, we set out to establish expression and purification systems to obtain sufficient amounts of recombinant plasma kallikrein protease domain for structural studies. In the first system (Table 1) , the protease domain was expressed as a zymogen in Pichia pastoria and converted to an active protease by trypsin treatment. In the second system (Table  2) , all three N-glycosylation sites, Asn377, Asn434, and Asn475, were mutagenized to glutamates and the mutant protease domain expressed in the baculovirus/Sf9 system as an unglycosylated zymogen, subsequently activated by trypsin treatment. In both systems, Cys364 and Cys484 were also changed to serines to prevent disulfide formation between the protease and non-protease domains. Each form of plasma kallikrein has enzymatic activity similar to that of native plasma kallikrein when assayed with HMW kininogen (unpublished results), with insulin B chain (Table 3) or with synthetic peptide substrates (Table 5 and unpublished results), in agreement with the previous observation that the light chain has activity similar to that of the full-length protein (10) . The purified proteins are readily crystallizable, providing good systems for plasma kallikrein structural studies.
N-linked oligosaccharides affect the activity of some serine proteases (68) but not others (50, 56) . In the protease subunit of plasma kallikrein, all three N-glycosylation sites are on the surface of the protein, removed from substrate binding pockets (Fig 2) , and thus glycosylation should not affect the enzymatic by guest on September 16, 2017 http://www.jbc.org/ Downloaded from activity. The similarity in enzymatic activities among full-length plasma kallikrein and the two recombinant forms of the protease domain support this expectation.
The N-linked glycosylation of plasma kallikrein may facilitate its biosynthesis and/or stability; the detailed function(s) of glycosylation remain to be elucidated.
Structural features of substrate binding site S1 and implications in structure-based drug design -At the bottom of the S1 site of plasma kallikrein lies negatively-charged Asp189, which forms hydrogen-bonded salt bridges with positively-charged Arg or Lys residues that are the P1 residues of protein or peptide substrates for this protease. This interaction with Asp189 constitutes the structural basis for the selectivity of plasma kallikrein for Arg or Lys at the S1 site ( Fig. 5 and reference 52) . The role of Asp189 in recognition at the S1 site of plasma kallikrein is apparent in the structure of the benzamidine complex, in which Asp189 makes hydrogenbonded salt bridges with the amidino group (Fig  5) , as in other trypsin-like serine proteases (52) . Other hydrogen bonds to benzamidine involve the carbonyl group of Gly219 and a water molecule. Although the structures of the S1 sites of trypsin-like serine proteases resemble another, one important difference often occurs at residue 190 (52, 62, 66) . Trypsin-like serine proteases can be classified into three subgroups: Ala190, Ser190, or Thr190 proteases. The Ser190 and Ala190 group proteases each constitute about 32% of the more than 100 trypsin-like serine proteases in the human genome (67) . Plasma kallikrein is an Ala190 protease, with no hydrogen-bonding capacity for the Ala190 side chain. In Ala190 proteaseamidine complexes (such as plasma kallikreinbenzamidine, Fig. 5 ), the sole hydrogen-bonding partner to one of the amidine protons is a water molecule, whereas in the corresponding Ser190 protease complexes (such as trypsinbenzamidine), there are two hydrogen-bonding acceptors for the amidine proton, Oγ Ser190 and the water. Thus, inhibitors designed to displace the water are often highly selective for Ser190 proteases over Ala190 counterparts (such as plasma kallikrein) because of the resulting hydrogen-bonding deficit at the S1 site (62, 66, 67) . Thus, viewed as an anti-target, plasma kallikrein offers the S1 site as a potential locus for engineering selectivity against this protease, if the target of interest is a Ser190 protease, such as urokinase. For example, CG-06 (Y=Cl, X=N, R=H, see Table 6c ), whose chloro ortho to the amidine displaces the water from the S1 site, is 90-fold selective for urokinase (K i = 0.009 μM) over plasma kallikrein (K i = 0.80 μM) (62) .
Another important structural feature bordering the S1 site of plasma kallikrein is Lys192. Sequence analysis of the trypsin-like proteases of the human genome shows that the majority of proteases contain glutamine at residue 192 (60 %), followed by lysine (14 %), and glutamate (5.4 %). As proteases with Lys192 are a minority, a potential strategy for the development of inhibitors selective for plasma kallikrein could rely on specific interactions with Lys192. For example, in the serine protease inhibitor series that make short hydrogen bonds at the active site (64-67) (Table  6a) , substituents para to the phenol interact with residue 192.
In a model of the plasma kallikrein-bound structure of CG-05, one of the oxygens of the succinate makes a hydrogenbonded salt bridge with Lys192 (Fig. 6) . The role in potency and selectivity of residue 192 is revealed in the inhibition data in Table 6a ,b in which both residue 192 of the protease as well as the interacting group of the inhibitor are varied.
The data in Table 6a show that addition of a succinate para to the phenol of the inhibitor results in a significant increase in potency toward serine proteases with a lysine at position 192 (plasma kallikrein and fVIIa). In the case of plasma kallikrein, addition of a succinate para to the phenol incurs a 27-fold increase in potency for the benzimidazole (CG-04, K i = 0.0081 μM) over that of the parent (CG-01, K i = 0.215 μM), or a 29-fold increase for the indole (CG-05, K i = 0.0007 μM) over that of the parent (CG-02, K i = 0.020 μM). Similarly, for fVIIa the succinate results in increases in potency of 12-and 5.6-fold. The increase in potency toward plasma kallikrein and fVIIa imparted by succinate reflects a favorable interaction of this group with Lys192. Sizeable increases are also observed with acetate para to the phenol (data not shown).
The effect of incorporating a succinate into the inhibitor scaffold is generally minor for the Gln192 proteases (Table 6a ). Changes in potency resulting from the succinate range from 0.26-fold to 4.3-fold, with an average change of 1.4 ± 0.8 for eight Gln192 proteases (not all of which are shown in Table 6 ). For the Glu192 protease, thrombin, the succinate group decreases potency by as much as 8.6-fold (for CG-04, K i = 210 μM compared with CG-01, K i = 24 μM), probably reflecting an unfavorable electrostatic repulsion between this group and the Glu192 side chain. Thus, the presence of Lys192 of plasma kallikrein provides a means for introducing selectivity toward plasma kallikrein and against other non-Lys192 serine proteases (Table 6b ). Conversely, it might be expected that incorporation of an appropriate basic group ortho to the phenol would allow development of selectivity against plasma kallikrein because of the resulting unfavorable electrostatic repulsion. Note that features other than the Lys192 side chain must also play important roles in selectivity of the compounds in Table 6 .
For example, the succinatecontaining CG-05 shows substantial selectivity, 84-fold, toward plasma kallikrein against fVIIa, even though both are Lys192 proteases.
Implications for enzymatic specificity of structural features of substrate binding site S2 -The S2 site of plasma kallikrein is bordered by the His57 and Trp215 side chains and by the main chain of residues Ser97 to Gly99 (Fig. 7a) . The physiological substrate of plasma kallikrein (kininogen) is cleaved in two positions, in which either the Phe or Met side chain occupies the S2 site (69) . This preference for Phe or Met at S2 is in contrast to that of thrombin or of trypsin, which prefer a Pro at S2 (70) . Substrates with Pro at the S2 site are sub-optimal substrates for plasma kallikrein (71) .
In order to investigate the structural basis for the S2 site selectivity of plasma kallikrein versus that of trypsin, tri-peptide portions (P1, P2 and P3) of substrates were docked into these proteases, and the resulting models of the catalytic complexes compared. Key differences in the S2 site of trypsin (or of thrombin) versus that of plasma kallikrein is the positions of loop residues 94 to 99 and the identity of residue 99, Leu in trypsin (Fig. 7b) versus Gly in plasma kallikrein (Fig. 7a) . The lack of a side chain at position 99 creates space at the S2 site of plasma kallikrein (Fig. 7a) that is absent in trypsin (Fig. 7b) or in thrombin. In addition, loop residues 95 through 99, defining a wall of the S2 site of plasma kallikrein, are shifted toward the substrate in plasma kallikrein compared to their position in trypsin, thus creating a cavity for accommodation of a Phe or Met side chain at the S2 site of plasma kallikrein (Fig. 7a) . This cavity is absent in trypsin (Fig.  7b) . Thus the structure of plasma kallikrein affords a convincing explanation for the S2 preference of this protease.
Structural features of substrate binding site S1' to harness for drug design -The S1' site of trypsin, formed from residues 35 to 42 and 57 to 60, is relatively shallow. The location of the S1' site on the superimposed Cα structures of trypsin and plasma kallikrein is shown in Fig. 3a . In many important protease targets like tryptase, thrombin, hepsin, fVIIa, uPA, tPA and plasmin, additional loop residues (the 60's loop) inserted after residue 59 in trypsin, provide another wall to the S1' site. This additional boundary creates a well-defined S1' binding pocket with distinct structural features that can be exploited in the development of selective inhibitors. Plasma kallikrein is one such protease that contains a "60's loop", and an important difference between plasma kallikrein and trypsin is the insertion of residues Gly60A, Leu60B, and Pro60C at the S1' site. This difference is also apparent in the comparison of plasma kallikrein versus tissue kallikrein, hK6 (Fig 3c) . The location of this loop is shown in Fig. 3a,c , in which the first residue, Gly60A, is labeled. The S1' site region of plasma kallikrein is further elaborated from that of trypsin or of hK6 due to insertion into plasma kallikrein of additional loop residues after residue 35.
In our other serine protease inhibitor development programs, the S1' site has been used extensively for engineering selectivity by guest on September 16, 2017 http://www.jbc.org/ Downloaded from towards particular protease targets into inhibitors that make short hydrogen bonds at the active site (61) (62) (63) (64) (65) (66) . In plasma kallikrein, the side chains of residues Leu41, Leu60B, and Trp60D form a binding pocket that is readily accessible from the para position of the distal phenyl group of a typical, simple short hydrogen bond-mediated scaffold, like CG-01 (Fig. 8) . In addition, both the main-chain and side chain of Asp60 are accessible for interactions from substituents on the meta position of the distal phenyl of bound CG-01. Fortunately, this region is free of crystal packing interactions in the Endo-Hdeglycosylated kallikrein, and should therefore reflect the true solution structure. The unique S1' site of plasma kallikrein is thus an attractive locus for engineering selectivity into plasma kallikrein inhibitors using previously developed, active site-directed, short hydrogen bondmediated inhibitor scaffolds.
FIGURE LEGENDS:
Fig 1: Characterization of non-glycosylated recombinant plasma kallikrein protease domain from conditioned Sf9 cell media. The purified protein was analyzed with a reverse phase Zobax CN column using water/0.1% TFA (mobile phase A) and ACN/0.08% TFA (mobile phase B), and with electro-spray mass spectrometry using a Q-Star Mass Spectrometer. The amino acid sequence of the mutant plasma kallikrein construct is shown. The Asn377->Glu, Asn434->Glu and Asn475->Glu mutations at the Nglycosylation sites are colored green, and the Cys364->Ser and Cys484->Ser mutations purple. The Nterminal residues (Asn357 through Arg371) and C-terminal residues (Ala613 through Ala619) residues, absent in the final purified protein, are colored red. (These C-terminal residues are removed during trypsin treatment). Each of the cysteine pairs involved in the 4 disulfides (5) is color coded, and given the appropriate superscript (S1, S2, S3, or S4). Fig 2: Secondary structure of plasma kallikrein. β-sheet, α-helix and remaining structural elements are yellow, red, and cyan, respectively. Bound benzamidine, the active site residues (His57, Asp102, Ser195) and the glycosylation sites (Asn21, Asn72, and Asn113) are shown. 
